Abstract-Late Paleozoic and Early Mesozoic epochs in the formation history of the Central Asian Foldbelt are distinguished by high rare metal productivity. A number of large REE, Ta, Nb, Zr, Be, Sn, Li, Mo, Re, and other deposits were formed at that time. As a rule, they are of the magmatic origin and related to the intru sions of highly evolved igneous rocks varying in composition from alkaline ultramafic with carbonatites to alkali and Li-F granites. In general, the occurrences of rare metal magmatism are related to the rift zones of the Central Asian Rift System formed 310-190 Ma ago and conjugated with a consecutive series of the Bar guzin, Hangay, and Hentiy zonal igneous provinces characterized by the large batholiths in their centers and rift zones in the framework. Such a structure indicates that these provinces were formed above isometric man tle sources or plumes with participation of large scale crustal anatexis. The evident links of rare metal depos its to occurrences of mantle magmatism within the zonal igneous provinces show that plume sources played an important role in their formation.
INTRODUCTION
The search for geological factors determining the origin and localization of endogenic deposits was always the basis of metallogenic theory. In terms of the geosynclinal concept, the formation of deposits was referred to the structural complexes formed during various stages of the geosynclinal process. Appearance of the plate tectonic theory led to a new comprehen sion of mechanisms of endogenic and metallogenic activity. The main trends in localization of mineral resources at the Earth's surface have been established, and it has been showed that the formation of many endogenic deposits is governed by the processes taking place at the boundaries of lithospheric plates. This relationship is especially indicative in fold regions, which were formed largely along boundaries of the ancient lithospheric plates. At the same time, there are groups of deposits, the formation of which cannot be adequately explained in terms of either geosynlinal or plate tectonic concepts. Earlier, special tectonic terms were introduced to explain such ore deposits and related igneous rocks: activization (reactivation), revi vation, Diva structures, etc. (Nagibina, 1963; Mezozo iskaya …, 1975; Shcheglov and Govorov, 1985) . From
Corresponding member: V.V. Yarmolyuk. E mail: yarm@igem.ru the viewpoint of plate tectonics, they are regarded as manifestations of within plate tectonic activity unre lated to the boundaries of lithospheric plates (Dobretsov, 1997; Dobretsov et al., 2010; Berzina and Sotnikov, 2007; Pirajno, 2000) .
To explain the nature of within plate processes, Wilson (1965) proposed a hypothesis of hot spots, i.e., mantle plumes. The hot spots were first exemplified in the chain of Hawaiian Islands. Later on, they were recognized at the continents and paleocontinents. Pri marily, these were flood basalt provinces and then other manifestations of the within plate activity, including those accompanied by ore deposits (Pirajno, 2000) .
The mantle plumes are among the most important mechanisms of deep geodynamics (Morgan, 1971; Maruyama et al., 2007; Dobretsov et al., 2001 ; Zonen shain and Kuzmin, 1992) . This concept is based on interrelation of geological processes proceeding in dif ferent shells of the planet and includes the theory of lithospheric plates as a particular element. The devel opment of this concept was stimulated by discovery of layer D" (Dziewonski, 1984) at the mantle-core boundary. This layer is 150-350 km thick and is char acterized by a high temperature gradient from 4000°C at its bottom to 3000°C at the roof. Separate fragments
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Vyacheslav Ivanovich Kovalenko-eminent Russian geologist and petrologist of lithospheric slabs, when sinking into the mantle in subduction zones, reach this layer (Zhao, 2001 (Zhao, , 2007 . The descending flow is compensated by the ascent of deep material from layer D" to the Earth's surface as mantle plumes in the process of mantle convection (Yuen et al., 2007; Kovalenko et al., 2010; Kuzmin et al., 2010; Li and Zhong, 2009) . Seismotomography is the most important tool for the study of plumes, their nature and structure (Dziewonski, 1984; Fukao et al, 1994 Fukao et al, , 1994 Maruyama et al, 2007; Zhao, 2001 Zhao, , 2007 , which makes it possible to provide insights into localization of hot (low velocity) domains in the Earth's interior.
Owing to the seismotomographic research, the African and Pacific low velocity mantle provinces (superplumes) have been revealed (Yuen et al., 2007; Li and Zhong, 2009) . It has been shown that such superplumes ascend to the boundary between the lower and upper mantle and are fragmented above into isolated plumes manifested at the Earth's surface as clusters of hot spots. Earlier such clusters were termed mantle hot fields (Zonenshain and Kuzmin, 1983) .
The distribution of within plate igneous provinces of Siberia and its Central Asian fold framework within a chronological interval from 700-750 Ma ago (the time of detachment of Siberia from the broken down Rodinia supercontinent) to the present time was out lined in the form of absolute reconstructions (Kuzmin et al., 2010 . It was shown that since ~550 Ma, i.e., from the onset of Phanerozoic, the Siberian con tinent has drifted above the African low velocity man tle province. This determined the exceptional contri bution of mantle plumes to geological evolution of the continent and its metallogeny. The plume related mafic and ultramafic complexes with Cu-Ni-PGE mineralization and ultramafic-alkaline-carbonatite complexes with rare metal mineralization (Ta, Nb, REE) were formed in marginal parts of Siberia as early as breakdown of Rodinia . The formation of numerous rare metal deposits in metallogenic provinces differing in age is related to the Phanerozoic plumes in various areas of the Central Asian Foldbelt (Kovalenko et al., 2006a) .
The general pattern of participation of mantle plumes in the development of Phanerozoic metallog eny of Siberia needs to be understood. In this paper we will dwell only on the Late Paleozoic-Early Mesozoic history of the Central Asia, when a number of large rare metal deposits were formed in this territory. Vyacheslav Ivanovich Kovalenko devoted many years of his working life to their study. These investigations led him to conclude that the formation of such depos its was related to the activity of a long living Central Asian plume (Kovalenko et al., 2006a , Yarmolyuk et al., 2000 Yarmolyuk and Kovalenko, 2003b) . One of the most striking manifestations of this activity were the vast zonal igneous provinces with the world's largest, Hangay, Angara-Vitim, and Hentiy batholiths in their centers and the marginal rift zones with widespread rare metal magmatism (Kovalenko et al., 2006a) .
It should be noted that the zonal areas with mar ginal zones of rare metal rocks were recognized with Kovalenko's participation in 1973 (Zonenshain et al., 1973 . Their spread inward the Siberian continent was explained at that time by transformation of fracture zones penetrating from the side of the Pacific Ocean. Later, at the turn of the 20th and 21st centuries, such a zoning was interpreted on the basis of plume tectonic model, which is discussed in detail in this paper.
LATE PALEOZOIC-EARLY MESOZOIC RARE METAL PROVINCES OF CENTRAL ASIA
As is known, the Central Asian Foldbelt (CAFB) is characterized by numerous rare metal deposits (Askhatin, Tostyg, Sol Beldyr, Ulug Tanzek, Kara suk, Yermakovka, Zashikhinsky, Burpala, Akit, etc.) (Mezhelovsky and Smyslov, 2001 ). They were formed in different metallogenic epochs (Kovalenko et al., 2006a (Kovalenko et al., , 2006b ). The Late Paleozoic-Early Mesozoic epoch is the most productive among them. A number of large REE, Ta, Nb, Zr, Be, Sn, Li, Mo, Re, and other deposits were formed at that time. As a rule, they are of magmatic origin and related to the intrusions of highly evolved igneous rocks varying in composition from alkaline ultramafic with carbonatites to alkali and Li-F granites (Kovalenko et al., 2006a) .
The age and localization of ore bearing and ore controlling igneous complexes are determined by links to within plate igneous provinces separated in space and time (Fig. 1) . The Tarim-South Mongolia and Barguzin within plate provinces arose in the Late Car boniferous-Early Permian. The Hangay province was formed in the Late Permian-Early Triassic. The Siberia flood basalt province was formed at that time at the Siberian Platform. The Mongolia-Transbaikalia prov ince was formed in the Late Triassic-Early Jurassic.
Late Carboniferous-Early Permian
Metallogenic Epoch The Tarim-South Mongolia igneous province com prises the flood basalt provinces of Tarim and Junggar Basin formed 287-275 Ma ago the in the west, the rift zones of the Gobi-Tien Shan province and the Main Mongolian Lineament formed 302-284 Ma ago in the west Kovalenko, 1991, 2003a; Yarmolyuk et al., 2008) (Fig. 2) .
The flood basalt provinces of Tarim and Junggar Basin are composed of alkali basaltic and tholeiitic volcanic series (Yu et al., 2011) . The flood basalt prov ince of the Tarim microcontinent is 2.5 × 10 5 km 2 in area; the volcanic eruptions took place 287-275 Ma ago (Zhong et al., 2008; Yu et al., 2011; Li et al., 2008) . In addition to flood basalts, the Early Permian bimo dal associations (trachybasalts and felsic tuffs) (Jiang et al., 2007) and A type granites  GEOLOGY OF ORE DEPOSITS Vol. 54 YARMOLYUK, KUZMIN Zhang et al., 1998) are widespread in the northeastern part of the microcontinent. These rocks extend to the east into the Gobi-Tien Shan Rift Zone (Yarmolyuk and Kovalenko, 1991; Kozlovsky et al., 2005) .
A region of numerous picrodolerite and picrite intrusions often with Cu-Ni mineralization is situated to the east of the flood basalt province (Pirajno, 2000; Mao et al., 2008) . These high Mg rocks are character ized by elevated alkalinity (K is predominant) and high Ti contents (Polyakov et al., 2008) . Their age was esti mated at 288-282 Ma using different isotopic meth ods (SHRIMP, Re-Os, Sm-Nd, Rb-Sr, K-Ar) (Han et al., 2004; Mao et al., 2006) . The ore bearing intrusions make up clusters within longitudinal fault zones, which were active from the end of Carbonifer ous as normal faults and pull apart grabens (Laurent Charvet, et al., 2003) . These faults separate the Tarim and Junggar microcontinents and pass to the east into the chains of grabens in the rift zones of southern Mongolia.
The eastern (rift) zone of the igneous province combines the Gobi-Tien Shan and the Main Mongo lian Lineament rift zones of southern Mongolia (Yarmolyuk and Kovalenko, 1991) . These zones may be regarded as an eastern continuation of the zones controlling mafic and ultramafic intrusions. The igne ous complexes here are, however, substantially distinct in composition and characterized by development of bimodal basalt-trachyrhyolite-comendite volcanic associations and numerous alkali granite intrusions. The U-Pb age of 15 alkali granite intrusions varies from 302 to 284 Ma (Yarmolyuk et al., 2008b; Wang and Han, 1994) . The alkali granites are accompanied by Zr-REE mineralization.
The most prospective is alkali granite of the Khan Bogdo pluton (Fig. 3 ) dated at 290-287 Ma (Kov alenko et al., 2006b ). The pluton comprises two ring No. 5 2012 intrusions and is framed by coeval bimodal basaltcomendite association separated by faults. The inter nal ring structure is especially characteristic of the western body and is accentuated by ring dikes and roof pendants consisting of Lower Carboniferous rocks.
The rare metal mineralization in the pluton is related to layered ekerites, alkali granite pegmatites, rockallite, and pantellerite that postdate alkali granite of the main intrusive phase. Zr minerals (armstrong ite, elpidite, zircon), amorphous REE-Zr and Nb minerals, REE minerals (monazite, synchysite, amor phous REE silicates), and Be minerals are noted. The formation of rare metal minerals at the end of the magmatic stage indicates accumulation of the rare ele ments in residual melt (Vladykin et al., 1981) . These elements accumulated in parallel with increasing agpaitic index and in compliance with increase in sol ubility of weak bases (Fe, Zr, Nb, REE) in alkaline magma.
Considering the Tarim-South Mongolia igneous province as a whole with flood basalts and rifts, it should be noted that it was formed along with large amplitude faulting and graben systems under condi tions of an active continental margin after the develop ment of a marginal volcanic belt (Yarmolyuk and Kov alenko, 1991; Laurent Charvet et al., 2003) . The mag matic processes (rifting, mafic-ultramafic intrusions, traps) developed 292-275 Ma ago (maximum number of datings). The within plate reactivation probably started somewhat earlier in the eastern (rift) part of the province (~300 Ma ago) and then involved the western part of the province with formation of mafic-ultrama fic intrusions and traps (287-275 Ma ago). The vol ume of the traps is estimated as 100000 km 3 (Zhong et al., 2008) . A volume of magmatic material gained during formation of the Gobi-Tien Shan Rift Zone exceeded 50000 km 3 (Yarmolyuk and Kovalenko, 1991) . The age and volumetric parameters of magma tism allow us to consider this territory as a large igne ous province (LIP) (Bryant and Ernst, 2008) . The Barguzin igneous province is related to the zonal magmatic area of the same name, which was formed practically at the same time as the Tarim-South Mon golia province approximately 2000 km to the northeast of the latter (Figs. 2, 4) . The Barguzin province is pri marily distinguished by extremely widespread grani toids. Its major constituents are the Angara-Vitim granitoid batholith and the bounding rift zones. The granitic core of the province is composed of biotite and biotite-amphibole granites and granodiorites, monzonitoid rocks, syenites, granosyenites, and leucogranites (Litvinovsky et al., 1992 ) more than 0.5 million km 3 in total volume (Turutanov et al., 2006) . The rocks vary in age from 305 to 280 Ma (Bud nikov et al., 1995; Yarmolyuk et al., 1997; Litvinovsky et al., 1999; Tsygankov et al., 2007; Kovach et al., 2012) . Numerous gabbroic bodies among granites are the important constituents of intrusive associations. They are regarded as synplutonic intrusions (Litvi novsky et al., 1992) emplaced synchronously with granites, demonstrating an effect of mingling. The gabbroic rocks correspond to alkali basalts in compo sition (Litvinovsky et al., 1992; Yarmolyuk et al., 1997) . Their contribution reaches 10%, or even more, of the total volume of batholith. According to the geo physical data, the volume of batholith is close to 0.5 million km 3 (Turutanov et al., 2006) , so that the Angara-Vitim batholith may be regarded as a felsic equivalent of LIP (Sheth, 2007) .
The rift periphery of the Barguzin province is made up of the Uda-Vitim, Synnyr, Eastern Sayan, and Saizhen rift zones Kovalenko, 2003a, 2003b; , which are marked by belts of ultramafic alkaline rocks, potassic alkaline rocks, alkali granites and syenites, dike swarms of mafic and alkaline felsic rocks, and volcanic fields of basalt-comendite association (Zanvilevich et al., 1985) . The age of these igneous complexes is estimated at 300-275 Ma Kovalenko, 2003a, 2003b; Litvinovsky et al., 2002 Litvinovsky et al., , 2011 Jahn et al., 2009; Tsyg ankov et al., 2007; Kovach et al., 2012) . Occurrences of rare metal mineralization are related to rift zones. The Eastern Sayan Zone with Nb, Ta, Be, Li, Zr, Th, REE mineralization and the Synnyr Zone (Ta, Nb, Zr, Y, REE) are the most pro ductive.
The Eastern Sayan rare metal zone (Fig. 4 ) com prises the Ulug Tanzek, Sol Beldyr, Snezhny, Zash ikhinsky deposits, etc. . Both peralkaline and peraluminous granites are ore bearing here. The chain of granitic intrusions extends for >450 km in the NNE direction along the eastern boundary of Tuva and further along the Eastern Sayan Range. The age of granites is estimated at 305-292 Ma Sugorakova et al., 2011) .
These rocks are enriched in Zr (up to 1100 ppm), Nb (up to 70 ppm), and Li (our unpublished data). The ore resource potential of this zone is strikingly exemplified in the Ulug Tanzek deposit related to a minor intrusion (1700 × 900 × 100 m) of quartzalbite-microcline alkali granite (Fig. 5 ) impregnated by disseminated rare metal minerals. The deposit is characterized by complex mineralization (Ta, Nb, Zr, Hf, REE, Li, Th, U, cryolite). The riebeckite bearing granite dominating in the marginal zone bears pyro chlore, columbite, zircon, polylithionite, and cryolite mineralization, whereas mica granite in the central zone contains columbite (Grechishchev et al., 2010) . The U-Pb zircon age of the muscovite-quartzalbite-microcline alkali granite is 301 ± 3 Ma and coincides (within uncertainty limits) with the Ar/Ar age of amphibole (296 ± 2 Ma) from riebeckite granite .
The Zashikhinsky deposit is close to the Ulug Tan zek deposit in composition of rocks and mineraliza tion. The ore bearing alkali granite consists of albite (80-90%), quartz, microcline, Li micas, riebeckite, ore and accessory columbite, malacon, xenotime, etc.). The rocks are enriched in Ta, Nb, Zr, REE, Y, U, Th, Li, Rb, F, Be, Zn, Mo, Pb, and P and distin guished by very low Ba, Cs, and Sr contents. In Ta, Li, Rb, Be, and F contents, the ore of the Zashikhinsky deposit is close to the Ta bearing Li-F granite, %: 0.03 Та 2 О 5 , 0.15 Nb 2 О 5 , 0.32 ZrO 2 , and 0.01 HfO 2 . The rocks at this deposit are Early Permian in age (Kostitsyn and Altukhov, 2004) .
The aegirine, aegirine-comendite riebeckite syen ite and granite porphyries, comendites and trachyrhy olite dikes (Khonchen Complex) are examples of potentially ore bearing rocks of this type. They occur in the upper reaches of the Oka River, and their age is estimated at 304 ± 3 Ma (Rasskazov et al., 2003) . The rocks contain magnetite, ilmenite, zircon, garnet, apatite, orthite, and tantaloniobates. The Zr and Nb contents attain 8700 and 1400 ppm. In addition, they are enriched in Ta, Li, Th, and REE (Rasskazov et al., 2003) .
Spodumene pegmatites of the Sol Beldyr field are highly enriched in Li. Several suites of spodumene pegmatite veins with complex Li, Cs, Ta, Sn, and Be mineralization are combined with albite-lepidolite pegmatites with B, F, Be, Li and Ta mineralization. The age of pegmatites is estimated at 292.4 Ma (Kuz netsova and Shokal'sky, 2011).
The Synnyr rare metal zone is marked by the Akit, Burpala, Goudzhekit, Synnyr, Yaksha, Manyukan, Khorob and Gilindra intrusions of alkaline rocks (Zidkov, 1961; Ripp et al., 2006) . The rock association is characterized by combination of miaskite nepheline and pseudoleucite syenites, peralkaline rocks (pulas kite, alkali granite), and subalkaline syenite, quartz GEOLOGY OF ORE DEPOSITS Vol. 54
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a s t e r n S a y a n Z o n e syenite, and granosyenite. The age of rocks from the Synnyr and Burpala intrusions is 291 and 287 Ma, respectively (Yarmolyuk and Kovalenko, 2003a; Sot nikova, 2009; Sotnikova and Vladykin, 2009; Pok rovsky and Zhidkov, 1993) . The rocks of the Burpala and Akit intrusions are rare metal (Ta, Nb, Zr, Y, REE) deposits (Ripp et al., 2006; Sotnikova, 2009; Sot nikova and Vladykin, 2009 ). The central type Burpala intrusion (Fig. 6) is relatively large (250 km 2 ) and was formed in the following sequence: shonkinite nepheline syenite alkali syenite quartz syen ite dikes (mariupolite, rare metal pegmatites, alkali granite, apatite-fluorite rock, carbonatite). The rare metal pegmatites contain Zr silicates, REE min erals (loparite, metaloparite, britholite, rinkolite, mel anocerite, bastnaesite, parisite, ancysite, monazite, REE apatite) and other rare minerals (leucophane, hambergite, pyrochlore, tainiolite, brewsterite). Feni tes locally developing at the contact of rare metal peg matites with country siltstone contain melanocerite, rinkolite, and zircon (Sotnikova, 2009) .
The Akit intrusion much smaller (4.5 km 2 ) in area was formed in the following sequence: nepheline syen ite alkali syenite quartz syenite alkali granite. The linear zones of microlinite, albitite, and fluorite-carbonate (carbonatite) veins with tainiolite, REE and Y mineralization are associated with this intrusion (Ripp et al., 2006) .
The available geochronological data show that igneous rocks within the zonal Barguzin igneous prov ince were formed contemporaneously (300-275 Ma) in its batholithic core and in marginal rift zones at the same time as the Tarim-South Mongolia igneous province.
Late Permian-Early Triassic Epoch
The Late Permian-Early Triassic epoch was the time when the Hangay and Siberian LIPs were formed. These provinces differ from each other approximately in the same manner as the Barguzin and the Tarim-South Mongolia igneous provinces.
The Hangay igneous province occupies more than 150 000 km 2 and comprises the Hangay batholith and the framing Gobi Altay and North Mongolian rift zones (Dergunov et al., 2001) (Fig. 7) . The Hangay batholith is composed of granitic rocks of normal and elevated alkalinity with participation of numerous synplutonic gabbroic intrusions (Fedorova, 1977) . The age of the batholith is estimated at 269-243 Ma (Yarmolyuk et al., 2008a; Orolmaa et al., 2008) .
Rift zones of this province are characterized by development of bimodal basalt-trachyrhyolite-pan tellerite association with participation of layered mafic intrusions and alkali granites. The rift zones were formed 280-250 Ma ago (Yarmolyuk and Kovalenko, 2003a) . The metallogenic specificity of the province is primarily determined by rare metal mineralization (Zr, Nb, REE) related to alkali granites and their vol canic equivalents: trachyrhyolite, pantellerite, and comendite. A group of rare metal occurrences and deposits is known in the western part of the North Mongolian Rift Zone. The largest Ulaan Tolgoi deposit is related to the small stock of alkali syenite and granite enriched in Zr (up to 3500 ppm), Nb (up to 1500 ppm), Ta (up to 100 ppm), Y (up to 300 ppm, GEOLOGY OF ORE DEPOSITS Vol. 54
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The metallogeny of the rift zone is not limited by rare metal specialization (Dergunov et al., 2001) . The large Erdenet (Erdenetiin Ovoo) Cu-Mo porphyry deposit and the Nomgon layered intrusion with CuNi-PGE mineralization are related to this zone. The Erdenet deposit has been formed as a result of the series of ore preparatory magmatic pulses (260-240 Ma ago): the Selenga gabbro-granite, trachyandesite-trachy basalt, the Shivota basaltic, and porphyry gabbrogranite complexes (Berzina and Sotnikov, 2007; Berz ina et al., 2009) . Gabbroic rocks of these complexes are similar in their enriched geochemical and isotopic characteristics to the basalts of bimodal associations in the rift zone. Such a similarity indicates that a sub lithospheric mantle source participated in the forma tion of this deposit.
The Nomgon layered intrusion dated at 256 Ma contains Cu-Ni-PGE mineralization. Comparable intrusions are known elsewhere in this zonal igneous province (Izokh et al., 2011) . For example, the Zaraa Ula gabbro-monzonite pluton is situated among granites in the southwestern Hangay batholith and is coeval with granites (269-262 Ma). In the occurrence of such rocks, the Hangay igneous province resembles the Tarim-South Mongolia province, where intru sions of this type are also ore bearing.
The Siberian flood basalt (trap) province is distin guished by absolute predominance of mafic igneous rocks and related Cu-Ni-Pt, Fe-Pt, and Mg-Fe deposits (Dobretsov et al., 2010) , primarily, the unique Cu-Ni-Pt deposits of the Noril'sk district and iron deposits of the Angara-Ilim district. The available geochronological data (Al'mukhamedov et al, 1999; Reichow et al., 2009) show that this trap province was formed during a very narrow time interval 250-248 Ma. Nevertheless, the development of magmatism and ore formation in the Siberian LIP was multistage (Dobretsov et al., 2010) . For example, three genera tions of zircons dated at 260 ± 5 and 250.7 ± 1.5 Ma (resorbed crystals) and 228.4 ± 1.4 Ma (outer rims) are distinguished on the basis of SHRIMP dating in ore bearing rocks of the Noril'sk intrusion. The multiple development of magmatic activity is also typical of the (Dobretsov et al., 2010) . This data show that the Siberian LIP was formed at the same time as the Hangay igneous province, but in contrast to the latter, one magmatic outburst in its history sharply prevailed over all other events.
It should be noted that the Barguzin and Hangay provinces of within plate igneous rocks were related largely to the plumes originating at the boundary between the lower and the upper mantle, where many stagnant lithospheric plates have been buried. Such mantle domains are characterized by enrichment in water and low Ti, Nb, and Ta contents in products of their melting. The Siberian traps and related Cu-NiPt mineralization were apparently formed by supply of the mantle material from layer D". This is supported by the enormous volume of basaltic material (1.5 × 10 6 km 3 ) delivered to the surface during one million years (Kuzmin et al., 2010) and, by emplacement of traps before breakdown of Pangea (Pirajno, 2000) .
Early Mesozoic Epoch
The Mongolia-Transbaikalia igneous province occupies more than 120000 km 2 and comprises the central Hentiy batholith and the West Transbaikal, Kharkhora, and North Gobi rift zones surrounding the batholith in the north, west, and south, respec tively Kovalenko et al., 2003) (Fig. 8) . The bimodal and alkali granite associations are localized in the rift zone, including intrusive bodies of Li-F granite. The batholith and its rift framework were formed simultaneously 230-190 Ma ago. The rift framework is characterized by a high rare metal potential.
The West Transbaikal Rift Zone is regarded as the Early Mesozoic metallogenic zone (Vorontsov et al., 2004; Litvinovsky et al., 2001; Yarmolyuk et al., 2001 ) specialized for Be mineralization (Lykhin, 2011) . The Yermakovka, Orot, Aunik, and Amandak deposits associated with alkali granites are localized in this zone. Such granites are combined into the Maly Kunalei Complex and are dated at 230-210 Ma (Lykhin et al., 2010; Lykhin, 2011) . At the unique Yermakovka deposit (Fig. 9) , the flu orite-beryllium mineralization is related to the intru sive bodies of alkali granite and syenite and traced along intrusive contacts as zones persistent along the strike and down the dip (Lykhin, 2011) . Fluorite is the main mineral in ore zones; phenakite and bertrandite are the major beryllium minerals. The ages of ore bearing granitic rocks and related ore are estimated at 227-224 and 225.9 ± 1.2 Ma, respectively. These data show that the formation of Be mineralization is closely related in space and time to the igneous rocks belong ing to the Maly Kunalei Complex.
The metallogenic specialization of the zone is not limited by beryllium. The ore bearing intrusive rocks are also sources of Mo and W mineralization. Large deposits of these metals are controlled by alkali granite of the Maly Kunalei Complex (Kharitonovo deposit, 209 Ma in age) and by Li-F leucogranite (Zharchikha deposit) (Kovalenko et al., 1999 (Kovalenko et al., , 2006a Litvinovsky et al., 2001 ).
In the Kharkhora and North Mongolian rift zones the ore bearing Li-F granites specialized for Sn, W, Ta, and Nb (Abdar, Zhanchivlan, Baga Gazryn, and other intrusions) are predominant (Koval, 1998 ; Kov alenko eta l., 2006a), as well as alkali granites and their volcanic equivalents. The Li-F granites are mostly localized in the marginal parts of the Hentiy-Daur batholith. Mongolia's largest Baga Gazryn granitic pluton (~120 km 2 ) is an example. The pluton is com posed of coarse grained leucogranite as the main intrusive phase and minor bodies of fine grained gran ite (including amazonite variety) as the supplementary phase. The Sn and W mineralization is related to post magmatic zwitter and quartz veins. The age of the leucogranite pertaining to the main phase is 197.4 Ma (Kovalenko et al., 1999 (Kovalenko et al., , 2003 . The Abdar intrusion is promising for rare metal mineralization (Antipin et al., 2006) . It consists of the leucogranite passing into the fluorite enriched microcline (amazonite)-albite granite with zinnwaldite in the apical portion of intrusive body. The granites are enriched in many rare elements, primarily, in Ta and Nb. The age of this intrusion is estimated at 212-209 Ma (Kovalenko et al., 2003) .
Alkali granites and trachyrhyolite and pantellerite as their volcanic analogues are typical of the outer zone of the igneous province, distant from the batholith. Nevertheless, their age is consistent with the time of batholith emplacement Kovalenko et al., 2003) . For example, the age of comendite sills and volcanic flows belonging to the Dashibalbar association is 195.9 ± 3.9 Ma. The 39 Ar/ 40 Ar age of the largest Bayan Ulaan pluton is esti mated at 221 ± 5 and 220 ± 1 Ma. The uniqueness of this pluton consists in schlieren pegmatites with Li micas and topaz, which are hosted in alaskite of the first intrusive phase and correspond to peraluminous Li-F granite in composition, whereas the late phase is composed of peralkaline riebeckite granite.
The rocks of volcanic-plutonic associations of rift zones are also mineralized. For example, the Tsarta Khudag association consists of a minor alkali syenite and nordmarkite intrusion (~15 km 2 ), alkali granite and basalt dikes, basalt and comendite flows (Yarmolyuk and Kovalenko, 1991; Andreeva and Kov alenko, 2011) . The U-Pb and Rb-Sr age of these rocks is 211 Ma (Kovalenko et al., 2003) . Alkaline fel sic rocks of this association are enriched in Zr (up to 4200 ppm), Nb (up to 200 ppm), Li (up to 2000 ppm) , Y (up to 200 ppm), as well as in Be and Th.
The Ongiin Khudag volcanic field is typical of this zone and characterized by contrasting section of vol canic cover with a thick sequence of subalkali basalts in its lower part and a series of volcanic flows and sub volcanic bodies composed of trachyte, trachyrhyolite, and comendite in the upper part. The section is crowned by a member of basaltic lavas. The K-Ar age of these rocks is estimated at 215-212 Ma Kovalenko et al., 2003) . Trachyrhyolite and comendite are enriched in Zr (up to 2200 ppm), Nb (up to 100 ppm) and Y (up to 150 ppm).
Thus, the metallogenic specificity of the Mongo lia-Transbaikalia zonal area is determined by igneous rocks of elevated alkalinity and alkaline rocks special ized with respect to Zr, Nb, Li, REE, Sn, Mo, W, and Be. The formation of these rocks was related to rifting in the framework of the central Hentiy-Daur batholith 225-195 Ma ago.
RELATIONSHIP BETWEEN METALLOGENIC
PROVINCES AND MANTLE PLUMES The zonal igneous provinces play the crucial role in the formation of rare metal metallogenic province of Central Asia. They drastically differ in structure and composition from such manifestations of within plate activity as flood basalt provinces. The latter are related to the mantle plumes. A question arises whether this model is applicable to the zonal igneous provinces.
The common feature of the zonal igneous prov inces is a giant central granitoid batholith surrounded by rift zones. Subalkaline basaltic and alkaline rocks are predominant in the rift zones. Gabbroic rocks also occur as synplutonic intrusions (Litvinovsky et al., 1992) in the batholith's interior. The structure of zonal igneous provinces indicates that they were formed above isometric mantle sources, which we identify as mantle plumes (Kuzmin et al., 2010) . The zonal distri bution of igneous rocks with prevalence of felsic plu tonic rocks is related to development of plume activity at the margins of lithospheric plates (Yarmolyuk and Kovalenko, 1991) , especially in the zones of collision of particular lithospheric blocks. The Angara-Vitim GEOLOGY OF ORE DEPOSITS Vol. 54
No. 5 2012 batholith arose in the zone of closure of the Ikat-Bog dara Trough; the Hangay batholith is localized in the zone of pinching out of the Hangay Trough; and the Hentiy-Daur batholith is situated at the western end of the Mongolia-Okhotsk Trough. In all cases, the local collision zones hindered supply of mantle melts to the surface and restricted their upward transfer by the lower crust. Accumulation of mafic melts at the base of the crust facilitated its melting and eventually initiated formation of batholiths, the volume of each exceeds 0.5 million km 3 (Turutanov et al., 2006 (Turutanov et al., , 2007 . According to Dobretsov (2005) , the equal volume of mafic melt is required to maintain such large scale melting. This is why the aforementioned zonal mag matic systems may be regarded as large igneous prov inces (Bryan and Ernst, 2008; Sheth, 2007) .
It should be noted that mantle sources not only exerted thermal effect on the crust but also delivered magmatic material to form batholiths. The zonal igne ous provinces combine continental crustal blocks dif fering in age and composition. It could be expected that granitoids must be closely related in isotopic com position to country crustal rocks, but the available iso topic data indicate that this is not the case.
For example, the country rocks in the Hangay zonal area comprises the Early Precambrian Dzaab Khan and Tarbagatay blocks (Tectonika …, 1974) , the Early Baikalian Dzaab Khan-Mandal, Songin, and probably, Hangay blocks, and the Caledonian Dzhida and Gobi Altay blocks (Fig. 10) . These structural ele ments correspond to the crustal isotopic provinces dif fering in age (Kovalenko et al., 1996) and isotopic The isotopic compositions of granites and rhyolites of the Hangay igneous province do not reveal an explicit correlation with isotopic compositions of country crustal rocks (Fig. 11) and are characterized by less or more persistent isotopic compositions sub stantially differing from those of country rocks. In general, the isotopic parameters of granites mainly vary within interval ε Nd (260) = -3 to +1. The most stable isotopic compositions are typical of granites in the zone of Hangay Trough and its northwestern framework, where ε Nd (260) = -1.5 to 0. In the blocks with Early Precambrian crust, the variations are wider and the extremely low ε Nd (260) values are close to the isotopic composition of country crustal rocks.
The variation in isotopic composition of granitic rocks may be related to the participation of a mantle source in their formation. The isotopic parameters of the latter can be estimated, primarily, on the basis of isotopic data on the basaltic rocks of the bimodal asso ciations localized in the marginal rift zones. These rocks are characterized by ε Nd (260) = -1 to +1. The gabbroic rocks of synplutonic intrusions from the cen tral part of the batholith have the same isotopic com position, providing evidence for a common source of basic melts participating in the formation of the zonal igneous province as a whole. The range ε Nd (260) = -1 to +1 corresponds to the moderately enriched mantle.
It is evident that alkaline felsic rocks in the rift zones (alkali granite, trachyrhyolite, and pantellerite of bimodal volcanic associations) with the same isoto pic characteristics as of basalts were formed with cru cial contribution of the mantle source. In contrast, the clusters of the data points characterizing granitic core of zonal igneous provinces are traced from the isotopic compositions of country crustal rocks to basalts of rift zones. These data suggest that contributions of crustal and mantle sources to granitic melts were variable. In any case, the mantle source participated in the forma tion of granitic melts. A similar situation was established for the AngaraVitim and the Hentiy batholiths Kovalenko et al., 2003) . The participation of mantle plumes in the formation of igneous rocks of zonal areas can be explained in terms of the model of underplating providing for emplacement of mantle derived magmas at the base of the crust (Fig. 12) . Being a powerful heat carrying agent, the mantle magma initiates crustal anatexis and, in turn, is mixed with anatectic melts. The variations of isotopic com position of granites depending, to a certain degree, on isotopic composition of country crustal rocks are con sistent with this model. Extension was predominant in the frameworks of local compression zones and the rift zones with mantle magmatism were developed there.
LATE PALEOZOIC-EARLY MESOZOIC PLUME ACTIVITY AND ITS GEODYNAMIC NATURE
The within plate magmatic activity at the Siberian continent in the Late Paleozoic and Early Mesozoic comprises the following succession of events: (1) for mation of the Barguzin zonal igneous province and the Tarim-South Mongolia province at the active conti nental margin of the Siberian paleocontinent in the Late Carboniferous-Early Permian; (2) formation of the Hangay zonal igneous province inward the conti nent in the Early-Late Permian; (3) eruption of flood basalts at the Siberian Platform in the inner part of continent; (4) formation of the Hentiy zonal igneous province in the collision zone between the Siberian and North China continents.
The migration of areas of within plate magmatism may be related to evolution of the two simultaneously acting mantle plumes beneath the moving lithosphere of the Siberian continent (Fig. 13) . The corresponding within plate domains appeared in the Late Carbonif erous in the two spatially separated (for more than 2000 km) and structurally unrelated areas of the Late Paleozoic active continental margin of the Siberian paleocontinent: in the Tarim-South Mongolia and the western Transbaikal region. These regions differ in the style of magmatism. In the former, the area of flood basalt magmatism was replaced in the lateral direction with zones of bimodal rift related magma tism. Plutonic magmatism was predominant in the western Transbaikal region, while zones of rifting were GEOLOGY OF ORE DEPOSITS Vol. 54
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The evolution of the Barguzin (West Transbaikal) igneous province was completed about 280 Ma ago, as we believe, due to the clockwise rotation of the Sibe rian continent (Fig. 13) (Kuzmin et al., 2010) . As a result, the Siberian Platform turned out above the Siberian (Barguzin) mantle plume, where flood basalts erupted at the Permian-Triassic boundary. The trails of the passing of Siberia above the plume are marked by the Late Paleozoic remagnetization of rock complexes at the Kholodninsky deposit north of the Barguzin igneous province and by gabbro-granite plutons dated at 255 Ma (unpublished data of E.Yu. Rytsk) in the northern Baikal-Muya Zone. Beginning from the second half of the Triassic, mag matic centers were probably displaced to the shelf of Arctic Basin (Kuzmin et al., 2010) in compliance with the ongoing drift of the continent.
The activity of the second, Mongolian hotspot evolved according to a similar scenario. Its appearance at the active continental margin gave rise to the origina tion of the Tarim-South Mongolia igneous province, the evolution of which completed by 280-275 Ma ago. Afterward, the region of plume activity migrated to the Hangay area (270-240 Ma) and then, in the Early Mesozoic, to the eastern Mongolia and Transbaikalia. This migration of the domains of within plate magma tism is quite consistent with the clockwise rotation of the Siberian continent with passing of its active margin above the Mongolian hotspot (Yarmolyuk et al., 2000; Kuzmin et al., 2010) .
Thus, the migration of manifestations of mantle plumes in the structure of the paleocontinent is explained by thrusting of the paleocontinent over a cluster of hotspots belonging to the African hot field (Kuzmin et al., 2010) and rotation above them. The paleogeographic reconstructions show that Siberia actually drifted above this field in the Paleozoic and Early Mesozoic. The interaction of the hot field and paleocontinent was expressed in practically continu ous within plate magmatic activity and resulted in the formation of rare metal regions and provinces with unique deposits differing in age. 
METALLOGENIC SPECIALIZATION OF THE LATE PALEOZOIC-EARLY MESOZOIC REGIONS OF WITHIN PLATE MAGMATISM
Within plate magmatic activity is as important as the processes taking place at convergent boundaries. This is partly explained by assuming that subduction related and plume mantle flows are equisignificant branches of the terrestrial mantle convection. Until now, this statement has not been taken into account in metallogenic research, although ore formation is directly related to the energy flows from the Earth's interior. In terms of plate tectonics, the main geologi cal processes, including formation of endogenic min eral deposits, are confined to the plate boundaries. The understanding that regions of within plate mag matic activity are sites of discharge of endogenic energy demands a rearrangement, to some extent, of the strategy and tactics of metallogenic research.
The allowance for a substantial role of deep geody namics in the formation of ore deposits finds more and more advocates. The analysis of geological processes related to the evolution of LIPs and manifestations of mantle plumes makes it possible to reveal metallo genic features of the areas controlling by plume mag matism, formation conditions, and development of mantle and crust-mantle ore forming systems, whose functioning often leads to the formation of large and unique ore deposits.
To date, two modes of plume activity are distin guished in the Late Paleozoic-Early Mesozoic history of Eurasia. One of them is accompanied by large vol ume basaltic eruptions (flood basalt provinces) and the other is related to the formation of zonal large igneous provinces with batholithic cores. These prov inces correspond to LIPs by their parameters. Differ ent modes of expression of LIPs are caused by pro cesses taking place in the lithosphere. Eruptions of flood basalts occur as a result of supply of material from zone D" far from the plate boundaries. At the convergent boundaries, the access of mantle derived melts to the surface is hindered by compressive setting, and this results in large scale melting of the crust with formation of batholiths. Different modes of mantle plume activity are emphasized by their metallogenic features.
The metallogenic analysis of the Eurasian flood basalt igneous provinces was carried out by Dobretsov et al. (2010) . In the Late Paleozoic-Early Mesozoic here developed three large mantle plumes differing in age: the Late Permian-Early Triassic SiberianEmeishan, Early Permian Tarim, and Late Carbonif erous-Early Permian Central European. It was shown that the corresponding LIPS are characterized by CuNi-Pt and Fe-Pt mineralization.
The metallogenic specialization of zonal igneous provinces is determined by wide involvement of crustal components in the magma sources. The main oremagmatic profile of these areas is related to rare ele ments (Be, Ta, Nb, Zr, Li, Sn, W, REE). There are highly evolved alkaline and Li-F granitic rocks and their volcanic equivalents are considered to be ore bearing. The genetic links between ore and magma tism determine the metallogenic zoning of these prov inces. The rift framework of batholiths and the mar ginal zones of the latter with A granites (primarily, Li-F varieties) are the most prospective.
CONCLUSIONS
The Late Paleozoic and Early Mesozoic was a time of widespread within plate activities in North Asia (1) Zone of rift related magmatism; (2) traps; (3) batholiths; (4-6) projections of mantle plumes: (4) at the moment of formation of igneous province, (5, 6) displaced from initial position by rotation of lithospheric plate. The dark arrow indicates direction of rotation; the light arrow is the pass of displacement of the plume relative to the lithosphere. Numerals are million years.
GEOLOGY OF ORE DEPOSITS Vol. 54 No. 5 2012 with formation of the large igneous provinces differing in structure and age. These provinces are characteriz ing by specific metallogeny characterized primarily by magmatic deposits in close connection with ore con trolling igneous rocks. The endogenic mineralization of chalcophile-sid erophile type is inherent to the flood basalt provinces composed of mafic rocks. The magmatic Cu-Ni-Pt and Fe-Ti-V mineralization is typical. In addition, the hydrothermal Ni-Co mineralization (Co-As, Cu-Co-As, Ni-Co-Bi-Ag-U) is noted in these provinces (Dobretsov et al., 2010) . In the rift zones conjugated with flood basalt provinces, the ore bear ing layered gabbroic intrusions with Cu-Ni-Pt min eralization are combined with alkali granites and their volcanic equivalents with Zr and REE mineralization.
The zonal provinces are characterized by predomi nance of felsic igneous rocks in their cores and by mafic rocks in the marginal rift zones. The endogenic mineralization in these provinces is distinguished by lithophile specialization (Sn, W, Mo, Li, Ta, Nb, REE) and associated mainly with A type alkali and Li-F granites. The chronological, geochemical, and isotopic links of mineralization to these rocks confirm the genetic relationships. The mafic rocks make up the layered intrusions close to the ore bearing intrusions in flood basalt provinces and are also characterized by Cu-Ni-Pt mineralization.
The Late Mesozoic rift zones related to small man tle plumes of hot finger type and considered to be regions of local within plate magmatic activity should be mentioned for comparative purpose. Their metal logeny is controlled by ore bearing magmatism of wide compositional range from leucogranite, Li-F gran ite and related pegmatites to the alkaline ultramafic com plexes with carbonatites. The mineralization is distinctly lithophile (Ta, Nb, W, Mo, Li, Be, Bi, Cu, P, F, U).
The main features of endogenic mineralization in the within plate provinces are as follows:
(i) in flood basalt provinces, the Cu-Ni-Pt and Fe-Ti-V deposits are mainly localized in central parts of the igneous provinces and in the belts of maficultramafic layered intrusions;
(ii) in zonal igneous provinces, mineralization occurs in rift zones of the province margins; (iii) in the regions of focused within plate activity, in the volcanic centers controlling alkaline and felsic magmatism;
(iv) in all provinces as a whole, the areal character of localization of mineralization and its zonal concen tric distribution differs from linear belts characteristic of subduction related island arc and collisional set tings.
The development of the specific complexes listed above is a striking metallogenic feature of the within plate domains related to mantle plumes.
The results of the performed reconstructions make possible to propose a general geodynamic model of high endogenic activity and metallogenic productivity of vast territories in North Asia at the postorogenic stages of their evolution. These reconstructions refer these processes and their multiple repetition during the Phanerozoic time in Siberia and its fold framework to passing of the continent above the African hot man tle field. Its effect on the lithosphere provoked reacti vation of magmatic and metallogenic processes.
